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ABSTRACT

A patented hand-held instrument has been built that is the first instrument to explicitly
locate ferrous rods parallel to and buried behind or beneath a plane of measurement by
analysing magnetic field and position data. The instrument has several useful applications,
in particular the detection and characterization of reinforcing steel in concrete.

The instrument consists of a fluxgate magnetometer and position sensor unit enclosed
in a small box which is moved by hand somewhat like a computer mouse. A cable
connects the sensor unit to a processor unit, containing a microprocessor, A/D, displays
and batteries. An operator scans the sensor unit over the measurement surface, guided by
the microprocessor, which controls the simultaneous collection of magnetic and position
data. The microprocessor then uses simple algorithms to estimate location parameters, rod
length and diameter.

This report describes the final version of the instrument. Experimental magnetic data
from horizontal rods are presented and compared to two simple models, the infinite cylinder
and the long prolate spheroid. It was found that there was very poor agreement between
both models and the experimental data.

Experiments using the instrument to estimate the parameters of a horizontal ferrous
rod buried under a horizontal measurement plane are also described. It was seen that all
the location parameters (rod orientation, end locations, depth) of typical reinforcing rod
could be estimated with reasonable accuracy at depths of 8 to 18 cm using very simple
linear equations. Estimation of rod diameter was unreliable chiefly due to the presence of
substantial remnant magnetization.
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RE SUME

On d~crit un appareil brevet6, portatif qui est le premier capable de rep~rer des barres
parall~1es de fer enfouies dans, ou sous un, plan de mesure et ccci, par l'analyse des
donn6es du champ magndtique et de la position. L'appareil a plusieurs applications utiles,
en particular la detection et la caractdrisation des tiges d'acier dans le beton armsd.

L'appareil se compose d'un magndtom~tre I absorption de flux et d'un detecteur de
position mont~s dans un contenant que l'on manic comme une souris d'ordinateur. Cette
souris est reli6e A une unit6 centrale qui contient un niicro-ordinateur, un convertisseur
analogique-num6Tique, une unit6 d'affichage et des piles. Sous la commande du micro-
ordinateur, qui contr~le la collecte simultan~e des donn~es de la position et du champ
magndtique, l'op~rateur balaic 1'61ement de d~tcction sur la surface A mesurer. Par la
suite, le micro-ordinateur utilise des algorithmes simples afin d'estimer les param~tes de
position, la longucur et le diam~tre des tiges.

Ce rapport d~crit la version finale de l'appareil. On y present les donn~es exp~rimentales
des champs magnitiques produits par des tiges horizontales et on les compare A des modeles
simples d'un cylindre infini et d'un sphdroi'de allong6. On a constat6 que lc rapport entre
les mod~les et les donn~es expdrimentales est tr~s mauvais.

On d~crit aussi des essais de l'appareil visant I dvaluer les param~tres d'une tige
horizontale de fer enfouie sous un plan de mesure horizontal. En utilisant des dquations
lindaires trds simples, on a d~couvert que I'on peut mesurer avec assez de certitude tous
les param~tres de position (l'orientation, la position des extrimitds, la profondeur) ct ccci,
pour les profondeurs d'enfouissement variant de 8 A 18 cm. A cause de la pr~sence d'unc
quantit6 iinportante de magndtisme rdsidueI, l'6valuation du diani~tre des tiges demneure
incertaine.
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Executive Summary

There are many applications where a horizontal ferrous rod, rope, pipe or cable lies
underneath a smooth planar surface at a constant depth. In such cases one often would
like to determine the position and orientation in the plane, the depth of burial and the cross
sectional area of the object. Among applications of miltary interest is the identification of
the various types of structural concrete members for demolition tasks. Of intorest to the
miltary and police is the localization and identification of steel or iron pipe bombs. Among
civilian applications are the location, mapping and identification of steel or iron conduit
buried in floors and walls by the construction industry; the assessment of reinforcing steel
in parking garages and buildings; and the location, mapping and determination of diameter
of steel gas pipes by gas companies.

There are a number of possible solutions to the problem. Radar and active acoustics
have been examined by the nuclear industry to detect steel in concrete shielding walls of
nuclear reactors and have shown some success. A solution to the problem which makes use
of the fact that the object is ferrous, is to make magnetic field measurements as a function of
position on the covering surface and to analyse the data to determine the desired parameters.
Unlike acoustics or radar, such a system will not yield false detections from nonferrous
inclusions, such as rocks or aggregate. This technique has been used in geophysical
exploration and more recently in detection of buried ordnance. Numerous detectors, or
magnetometers, are commercially available which can measure small magnetic fields with
sufficient sensitivity to detect ferrous rods or pipes with sizes and depths of burial which are
typical of the applications mentioned above. The output signals from these detectors are a
function of both relative sensor-to-object distance, the object size, shape and orientation.
This information cannot be simply separated. To do so, position information must be
obtained simultaneously with the magnetic field information and a microprocessor must
decode the position and magnetic information to yield object location, orientation and other
information. There are a few magnetometer systems which have this ability to collect
position and magnetic data but most are designed to locate magnetic anomalies over areas
of several thousand square meters. They transfer data to a computer which analyses the
data off-line. They can localize a compact ferrous object to within a few times its depth
of burial and can classify an object in terms of its rough size. None of them can explicitly
determine the location to within a fraction of the depth and explicitly determine the identity
of the detected object in real-time. There is also an instrument designed by this laboratory
which collects simultaneous magnetic and position data and then uses custom algorithms to
locate and identify ferrous compact objects in real-time. It would be of use for the detection
of pipe bombs and gas lines, but the cesium vapour sensor used in it makes it too bulky and
awkward for the types of small area scans that are necessary to locate reinforcing steel.

This report is concerned with the first problem above, namely the location of reinforcing
rod in concrete. A patented hand-held instrument is described that is the first instrument to

v
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explicitly locate ferrous rods parallel to and buried behind or beneath a plane of measurement
by analysing magnetic field and position data. It is the result of a concept formulated in
1984 by the Threat Detection Group (TDG) in response to a request by DMilE (then DMER)
to investigate ways to characterize reinforcing steel in concrete. The report describes the
instrument, developed jointly by TDG and Pylon Electronic Development Ltd., under Task
DMER 15.

The instrument consists of a fluxgate magnetometer and position sensor unit enclosed
in a small box which is moved by hand somewhat like a comuter mouse. The sensor unit
is connected by a cable to a processor unit, containing a microprocessor, A/D, displays and
batteries. An operator scans the sensor unit over an area on the measurement surface, guided
by the microprocessor, while the microprocessor controls the simultaneous collection of
magnetic and position data. The microprocessor then uses simple algorithms to estimate
the orientation, depth, length and diameter of the rod.

This report also describes research conducted by TDG between 1984 and 1989 to
determine ways of calculating location and identification parameters of a ferrous rod from
simultaneous position and magnetic field measurements.

Experimental magnetic map data from horizontal rods are presented and compared to
two simple models, the infinite cylinder and the long prolate spheroid. It was found that
there was very poor agreement between both models and the experimental data.

Experiments using the instrument to estimate the parameters of a horizontal ferrous rod
buried under a horizontal measurement plane are also described. It was seen that for rod
dimensions and geometries typical of reinforcing rods, all the location parameters, i.e., rod
orientation in a horizontal plane, rod end locations (and hence rod length) and rod depth
could be estimated with reasonable accuracy at depths of 8 to 18 cm using very simple
linear equations. Estimation of rod diameter was not possible with any degree of reliability
chiefly due to the presence of substantial remnant magnetization.

Although the instrument represents a significant advance in ferrous rod location and
identification technology, more research is necessary to develop a prauical instrument.
Future experiments and improvements to the detector are discussed.

vi
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1. Introduction

There are many applications where a horizontal ferrous rod, rope, pipe or cable lies
underneath a smooth planar surface at a constant depth. In such cases one often would
like to determine the position and orientation in the plane, the depth of burial and the cross
sectional area of the object. Among applications of military interest is the identification of
the various types of structural concrete members for demolition tasks. Since all tensile loads
must be carried by the steel present, usually in the form of bars, rods or wire rope or cable,
explosive demolition relies on attacking the steel or places where it is absent. Knowledge
of the size, depth of burial, and orientation of the steel rods (often called "rebar") is
crucial for a successful demolition using a minimum of explosives. Also of interest to the
military and police is the localization and identification of steel or iron pipe bombs. Such
information could distinguish between conduit and bombs in a floor, wall or culvert and give
an estimate of the size of the bomb. Among civilian applications is the location, mapping
and identification of steel or iron conduit buried in floors and walls by the construction
industry. Such information can save costly dismantling of walls or floors in order to find
specific conduit. Another important application is the assessment of reinforcing steel in
parking garages and buildings, both to assess corrosion and to determine if installation
was done according to specifications [ 11. Gas companies are continually presented with
the problem of locating, mapping and determining diameter of steel gas pipes. Accurate
location and identification can substantially reduce digging costs.

There are a number of possible solutions to the problem. Radar and active acoustics
have been examined by the nuclear industry to detect steel in concrete shielding walls of
nuclear reactors and have shown some success. A solution to the problem which makes use
of the fact that the object is ferrous, is to make magnetic field measurements as a function of
position on the covering surface and to analyse the data to determine the desired parameters.
Unlike acoustics or radar, such a system will not yield false detections from nonferrous
inclusions, such as rocks or aggregate. This technique has been used in geophysical
exploration and more recently in detection of buried ordnance [2]. Numerous detectors,
or magnetometers, are commercially available which can measure small magnetic fields
with sufficient sensitivity to detect ferrous rods or pipes with sizes and depths of burial
which are typical of the applications mentioned above. The output signals from these
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detectors are a function of both relative sensor-to-object distance, the object size, shape and
orientation. This information cannot be simply separated. To do so, position information
must be obtained simultaneously with the magnetic field information and a microprocessor
must decode the position and magnetic information to yield object location, orientation and
other information. There are a few magnetometer systems which have this ability to collect
position and magnetic data but most are designed to locate magnetic anomalies over areas
of several thousand square meters. They transfer data to a computer which analyses the data
off-line. Some claim to be able to localize a compact ferrous object to within a fraction of its
depth of burial and they can classify an object in terms of its rough size. None of them can
explicitly determine the location to within a fraction of the depth and explicitly determine
the identity of the detected object in real-time. There is also an instrument designed by
this laboratory [31 which collects simultaneous magnetic and position data and then uses
custom algorithms to locate and identify ferrous compact objects in real-time. It would
be useful for the detection of pipe bombs and gas lines, but the cesium vapour sensor in
it makes it too bulky and awkward for the types of small area scans that are necessary to
locate reinforcing steel.

This report is specifically concerned with the first problem above, namely the location
of reinforcing rod in concrete. In 1984 the Threat Detection Group (TDG), then the
Ordnance Detection Group, at the Defence Research Establishment Suffield (DRES) was
asked by D Mil E (then DMER) whether it was possible to develop an instrument which
could distinguish between reinforced and prestressed/post-tensioned concrete. In response,
TDG constructed a rudimentary hand-held magnetometer sensor package and carried out
measurements on reinforced concrete to determine the feasiblity of using a magnetic sensor
in such a role. The results were encouraging 141 and a Task DMER 15 was initiated in
April 1985 with the aim "to develop a detector which will locate reinforcing steel reliably
in concrete to a maximum depth of 30 cm and indicate the rebar diameter". Based on the
previous research, an instrument was proposed that would simultaneously collect , under
microprocessor control, magnetic and positional information (position coordinates) in a
plane of measurement behind or beneath which the steel rod was buried. The microprocessor
would then apply various algorithms to the data. The instrument would consist of a
magnetometer and position sensor enclosed in a small box which would move somewhat
like a computer mouse. The mouse was connected to a microprocessor unit by a cable.
An operator would scan the mouse over an area of the concrete surface, guided by the
microprocessor. Afterwards, the microprocessor would estimate the orientation, depth,
position, length and diameter of the rod.

A breadboard model of the rebar detector was completed by TDG in the spring of 1985
and a contract was awarded to Pylon Electronic Development Ltd., Ottawa, to manufacture
two exploratory development models from the TDG design. The detectors were received
by TDG in the autumn of 1985. DRES conducted tests and made a number of modifications
throughout 1986. These tests revealed that there were a number of problems with the mouse
which combined to make the mouse difficult to move smoothly and to prevent repeatable
results from being obtained. Pylon incorporated DRES suggestions and by March 1987
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manufactured two improved mice [51. DRES conducted experiments to test the instrument's
performance, revealing a number of new problems which were solved. Experiments contin-
ued until autumn 1989 to determine the accuracy and overall performance of the modified
rebar detector and methodology for location and identification of long steel rods which
simulate reinforcing rods. A U.S. patent for the instrument and the method of locating
and identifying ferrous rods and compact objects by analysis of simultaneous position and
magnetic field measurements was awarded in 1989 [6] and a Canadian patent in 1990 [7].

This report describes the final version of the instrument designed to locate reinforcing
rods in concrete. The experiments using the final version of the instrument which were
performed to quantify its performance are also described.

DRES-SR-585 UNCLASSIFIED
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2. Theory

2.1 Magnetic Field Measurement

Reinforcing rods can be characterized as mild steel or soft iron rods with diameters
typically between 0.64 cm (1/4 inch) and 1.90 cm (3/4 inch) and with varying lengths of up
to roughly 2 m. The depth of the rod below the concrete surface varies from one structure
to another but is frequently between 3.8 cm (1.5 inches) and 20.3 cm (8 inches). This
implies that the spatial extent of the measureable magnetic fields associated with such rods
is generally less than 1 m in width and 4 m in length. Peak fields vary from a few hundred
nT (nanoTeslas) to ten thousand nT, depending on the depth, and the time taken to measure
such fields is a few minutes. The earth's field is constant over such distances (magnetic
induction gradient - 10 nT/km) and does not change significantly during this time. In
spite of occasional field nonuniformities arising from local magnetic phenomena, one can
in practice usually assume that the ambient field is constant [8].

There are two types of magnetometer - vector sensors and total field sensors. The former
measures the magnetic field along a particular direction (the sensitive axis) and includes
fluxgate magnetometers, such as the one used in the present work. Fluxgate magnetometers
can be small, inexpensive and reliable but the signal output of a vector magnetometer is
sensitive to small changes in the orientation of the sensor. In the present work, because
the measurement surface is very flat and smooth, this orientation sensitivity can be kept
reasonably small. For example, if the secondary field (field due to the rod) in a cartesian
coordinate system is denoted by b = (BI, B2, 33)T, where the superscript T denotes the
transpose and if the primary (ambient, i.e., earth's) field is Bo = (Bol, Bo2 , Bo3)T, then a
vector magnetometer oriented along the j axis, where j = 1,2, 3, would measure

B, = toji + B1 . (2.1)

In the experiments described in this report, the cartesian system is aligned so that the
133 component is vertical and the BL component lies along the direction of travel of the
magnetometer sensor (east-west). The ambient field at the location of our laboratory is
roughly 60000 nT and is tilted 170 degrees from the vertical. A vertically oriented vector
sensor will measure a field of 60000cos 170 = 57378.3 nT at rest. If while moving, the
sensitive axis tilts from the vertical by 0.1 in the plane of the earth's field vector (north-
south direction), the measured field will vary by ±30.6 nT. This is because the tilted sensor
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measures less of the vertical component of the ambient field (cc cos 0, where 0 is the
angle between the vertical and the sensitive axis) and more of the horizontal component
(cc sin 0). The deviation is dominated by the sine term and so the latter is a worst case
estimate. If the sensor tilts only in the east-west plane, the horizontal component of the
earth's field is not detected and so the measured field will vary by ±0.1 nT.

Principles of operation of fluxgate magnetometers and low noise magnetic measurement
techniques may be found in [8].

2.2 Magnetic Field of an Infinitely Long Cylinder

This section presents the first of two simple mathematical models chosen for comparison
with experimental magnetic field data. A solid cylindrical ferrous rod of infinite length is
assumed to lie in air in a static uniform ambient magnetic field. The symmetry axis of
the rod is assumed to be horizontal. The rod has no remnant magnetization. A three
dimensional cartesian coordinate system whose origin coincides with the center of the rod
is defined. The 3 component of an arbitrary vector A = (AI, A2 , A 3 )T in this system is
oriented in the vertical direction and the 2 component lies in the direction of the symmetry
axis of the rod. The direction parallel to the 2-axis is referred to as the longitudinal direction
and that parallel to the 1-axis is called the transverse direction. If 0 is the angle between the
3 axis and the earth's field vector and 0 is the angle between the I axis and the projection of
the earth's field vector on the horizontal plane, then the vertical component of the magnetic
field at a point (xl, X3) in space is given by 191

B3  2G (BOIXIX 3 + B03 [.1.1 -1.21) (2.2)2 + Xd213 1
1X

where B01, B03 are the components of the earth's field given by

B01 = 130 sin 00 sin €0 (2.3)

1303 = 110cos 00 (2.4)

and G is a constant for a given rod which is a function of the diameter of the rod d and the
relative permeability of the rod p,.

G '= - (2.5)

4 ji. + 1

It is assumed that the sensor measuring B3 is restricted to move in the transverse
direction. If X3 = z is the constant depth (distance from the plane of motion of the center
of the magnetic sensor to the center of the rod), the variation of 133 as a function of .rx may
be analyzed using the above equations. This gives expressions for z and d of the rod

z = 0.9717xi/2 (2.6)
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d •z Vr--- (2.7)

where x112 is the full width at half maximum (FWHM) and B•aX is the maximum value of
B 3 along the direction of sensor motion. The transverse (xi) position of the field maximum,
xl,,,, is found by differentiating Equation 2.2 with respect to x, and setting the resulting
expression equal to 0. This gives

2B 0 3 m - 3BolZX m - 6BO3 Z2 Xln + Bolz 3 = 0. (2.8)

The model should be a reasonable approximation to experimental data corresponding to
the same geometry, provided that the rod has no remnant magnetization, that the diameter
of the rod and the depth are both much less than the length of the rod and that measurements
are made far from the ends of the rod (compared to its length).

2.3 The Magnetic Field of a Long, Horizontal Prolate Spheroid

In this section, we present the second of two simple mathematical models chosen for
comparison with experimental magnetic field data. The model is of the magnetic field
induced in a homogeneous long, horizontal prolate spheroid by a uniform magnetostatic
field in air. The model, generalized to arbitrary spheroid size, shape and orientation has been
shown to provide magnetic fields that are a good approximation to those of real spheroids
and some unexploded ordnance in the earth's field [10], [11]. Since a long thin prolate
spheroid looks somewhat like a long rod, it is reasonable to think that the induced fields of
the two may be similar. A detailed derivation of the generalized model may be found in [8].

It is assumed that a homogeneous uniformly permeable spheroid, with magnetic perme-
ability Pr!Lo and no permanent magnetization, sits in a homogeneous surrounding medium
with permeability ito, where po is the permeability of free space. There exists a uniform
parallel external magnetostatic field. A cartesian coordinate system whose 2-axis coincides
with the symmetry axis of the spheroid, has a vertical 3-axis and an origin at the geometric
center of the spheroid. By carrying out a multipole expansion of the static field, and with the
assumptions of uniform parallel internal magnetization, it may be shown that the secondary
induced magnetic induction measured at a point / = (AXI, X2, A3 ) in free space, complete
to fourth order, is given by [81

/i = fI_(2) + •B8) (2.9)

where B(2) is a dipole field term and BW(8 is an octupole field term. The two field terms
may be expressed in component notation using summation convention as

B -- .- (-_ A/,( + [-2XOMO"].,) (2.10)
47r 

t

and
1(-) =t0 R-R (3 - 15!U 2 [x, A',!( 3 ) + V,3.A (3) +]35 ±3 -45 .X.X.. 6 (3)

(2.11)
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where M,(') is a component of the dipole moment vector, and M(3) is a component of the
rank 3 octupole moment tensor.

The dipole moment is given by

M -,') = MA'V' a= 1,2,3 (2.12)

where V' is the spheroid volume. For the octupole moment tensor, there are only 6
independent elements. These are

M(3) = 3M) I 1 ; M' (3M (3) A,3MI" • M 3 ) = 3)M•I2
! " 331 333 - 113 222

M(3) AM(3) = M,111 ; A13) MI ;, M1-2 12- I 22  (2.13)

For a prolate spheroid whose symmetry axis length is 2ae (c > 1) and whose maximum
diameter orthogonal to the symmetry axis is 2a,

4 3 47rr 3 5
V'= -rea ; III -cea ; 122 = -c a (2.14)

3 15 15

Note also that M/3) ]t 1(3) = (3) ( .5
-r) 'it - j3acv (2.15)

M(3) =0 if a$/Jý y a . (2.16)

Assume that the external magnetic field (usually the earth's) in the absence of the
spheroid is 60 = (BoI, B0 2, B 0 3)T. The magnetization is given by

M1 = Itoc'FjBoj 3=1,2,3 (2.17)

The demagnetization factors F3 for e > 1 are given by

F= F3  2 (2.18)

F 2 ý_ _ (2.19)
S+ Iý(2 + C

In our case 75 < r < 170, making the approximations for i' valid to within less than 1%.

Equations 2.9 through 2.19 allow one to calculate the magnetic field 1( at a point in
space due to the presence of the spheroid, given the size and shape of the spheroid (a, c),
the magnetic material properties of the spheroid (It,), and the magnitude and direction of
the earth's magnetic field (Bo, 00, 'ko). Equation 2.19 is not strongly dependent on It, for

t,. >> 1. For all model calculations done in this study, It has been set equal to 1000, which
ia a typical value encountered in practice.

When using the spheroid equations to model long rods, one must determine the param-
eters a and e from the rod diameter d and length 1. This is not a trivial exercise, since
there is no simple relationship between these parameters. We have chosen to equate the
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spheroid volume Vsph~rid to the rod volume 1/,d in order to attempt to make the spheroid
dipole moment equal that of the rod. (in fact, this will only be an approximation, since the
magnetization in the two objects is not the same.) With the constant volume assumption,
there are still two reasonable choices. We can use a constant length approximation

a = d (2.20)

or a constant diameter approximation

a - d (2.21)
2

31

2(d

where for both

Both approximations were applied to a number of different rod diameters, depths and lengths
used in the experiments described in this report. There were slight differences between the
two approximations, but these were small compared to the differences between model and
experimental results and the variability between rods.

2.4 Remnant Magnetization

The two previous models assume that the magnetization of the rods is due solely to that
which is induced by the ambient field. In practice, ferrous objects may also have remnant
or permanent magnetization which is a function of the metallurgical properties of the object
as well as its thermal, mechanical and geomagnetic history. Remnant magnetization is very
difficult to model since its strength and direction are often unknown for an individual object
and may vary from object to object of the same shape and size. Remnant magnetization
is fixed to the body of the object so that if the body is rotated through a given angle, the
distribution of remnant magnetization also rotates by the same angle. This provides a
simple test for remnant magnetization in a horizontal ferrous rod. When a rod is rotated
1800 about a vertical axis, the magnetic field map will be identical to that of the unrotated
rod if the magnetization is purely induced. If the remnant magnetization is much larger
than the induced magnetization, the magnetic field map of the rotated rod can be obtained
by rotating the map of the unrotated rod by 1800 about a vertical axis. If the induced and
remnant magnetizations are comparable, then the rotated and unrotated fields will differ,
but not in a simple fashion.
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3. Experimental Method

3.1 The DRES/Pylon Rebar Detector

To obtain magnetic data as a function of position in the plane over a horizontal ferrous
rod, a novel instrument was developed. The DRES/Pylon rebar detector collects simultane-
ous magnetic and position data and can be used to estimate rod position and dimensions. A
rudimentary instrument [41 was used to prove the concept, but it had no automatic position
determination, poor magnetic sensitivity and stability and it was difficult to operate. The in-
strument used in this study was designed and constructed by Pylon Electronic Development
Ltd. [51 based on a patented [6], [7] DRES conceptual design. The detector consists of two
units, a sensor unit and a processing unit, which are connected by a flexible cable which
passes electrical signals and power. The instrument with an early version of the sensor unit
is shown in Fig. 3.1. The sensor unit used in he present study appears very similar to that
of the photograph except that it lacks the LCD display, the connecting cable is thinner, and
it has a variable gain knob for the magnetometer amplifier.

The sensor unit was initially dubbed a mouse because of its similarity to a computer
mouse. Because of its larger size, how- er, (18 cm x 4.5 cm x 5 cm), it was soon
renamed the "Rebar Rat". It houses a single axis vector magnetometer with associated
signal conditioning circuitry and a position sensor which measures linear displacement
along the short horizontal axis (assuming the unit is sitting on a horizontal surface). Total
field magnetometers and two-axis position measuring systems were considered in the initial
concept [6], [7] but were deemed too complicated for the first prototype. A Brown solenoidal
ultra-low power fluxgate magnetometer with associatt i drive and sense circuits [ 12], [113]
was chosen because of its low power, small size, good stability and high sensitivity. The
magnetometer is AC coupled to the rest of the signal processing chain, which eliminates
the comparatively large DC offset due to the earth's magnetic field. The nominal bandpass
filter cutoffs are 0.1 Hz and 10 Hz. Because the AC coupling time constant is approximately
10 seconds, a fast zero button has been included to speed up initial measurements. Three
gain settings of 1, 10, 100 nT/ADC count are selectable. This increases the dynamic range
of the magnetic anomaly measurements. The position sensor consists of a rotating wheel
connected to an optical shaft encoder by means of a pulley arrangemcnt, with additional
wheels on the underside of the unit to provide stability. The magnetometer amplifier gain
switch, a "Mode" button to step through the menu of the microprocessor progam and the
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fast zero button are located on the top of the sensor unit.

The processing unit contains an 8-bit analog to digital converter (ADC), bar graph and
digital LCD displays with associated electronics and a Motorola 6805 microprocessor. As
well, lithium batteries which power the instrument are contained in this unit. A block
diagram is shown in Fig. 3.2.

In operation, the magnetometer and position sensors provide magnetic field values with
the corresponding position coordinates in the plane of measurement as the sensor housing
is moved about on the surface under which the ferrous rod is buried. The magnetometer and
signal conditioning circuitry produce an analog signal which is digitized by the ADC. The
position encoder produces a digital pulse train which is read by a parallel input/output port
of the microprocessor. The microprocessor controls the digitization and storage of magnetic
field values. It also controls the counting and phase measurement of the position encoder
pulse trains (the latter allows forward and backward motion to be distinguished) and converts
that information to a displacement reading. The microprocessor also directs the actions of
the operator and controls execution of the algorithms necessary to calculate location and
dimensions of the ferrous rod from the magnetic and position data. The algorithms and
control program are stored on erasable programmable read only memory (EPROM) and the
data are stored in random access memory (RAM). Magnetic field values may be displayed
as either a bar graph whose length increases with increasing field value, a digital number,
or an audio tone which increases in frequency as the field values increase. All displays and
the audio output are controlled by the parallel output ports of the microprocessor.

The menu-driven software has the following modes which are selected using the "Mode"
button on the sensor unit.

" Search - This mode is automatically entered after pressing the "Reset" button on the
side of the instrument. A bar graph indicates field strength so that the operator can
scan an area to look for magnetic field values of sufficient strength and spatial extent
to warrant further investigation. This mode can be used to mark local magnetic field
maxima in order to determine the orientation in a horizontal plane of the rod.

" Depth - This mode is entered by pressing the Mode button in Search mode. The
operator selects a line at right angles to the line of field maxima. The sensor unit is
moved along the line until it is well past the field maximum. The program signals the
operator to stop. The depth of the rod is then estimated using the simple formula for
an infinite length cylinder (Section 2.2, Equation 2.6) and displayed.

" Area - This mode is entered by pressing the Mkxid botton in Depth mode. The
program tells the operator to move the sensor unit , ward along the scan line until
it is directly over the field maximum. The oper ,T ' old to stop and the cross
sectional area of the rod is estimated, using the s&t, ', cl ormula for an infinite length
cylinder (Section 2.2 Equation 2.7), and displayed.

The two prototype detectors, as delivered, had a number of problems. First, distance
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measurement was not repeatable. This was caused by the slow speed of the simple, low cost
microprocessor that had been chosen and was corrected by software modifications. Second,
the magnetic field signal-to-noise ratio was much poorer than that theoretically achievable
from the sensor. Noise was due to excess vibration when the sensor unit moved, magnetic
fields from rotating steel parts in the optical encoder and associated shafts and excess noise
in the amplifier/filter circuit. The first component was decreased by addition of a skid plate
to the underside of the sensor unit. The second was reduced by replacing some steel parts
in the optical encoders and degaussing the remaining steel components. A new low noise

amplifier/filter circuit was designed to replace the existing one. Overall, the signal-to-noise
ratio was improved by a factor greater than 10. There were also some errors in the control

software that were corrected and some modifications were made to the software to improve
performance.

These changes substantially improved performance, but there were more fundamental

problems that required major changes. The original sensor unit was made of aluminum,
which made it quite heavy. Because a bar graph display was put on the sensor unit, the
connecting cable was thick and not very flexible. The configuration of support wheels also
made the unit unstable. There was a need for selectable gain on the amplifier electronics

and some changes to the amplifier/filter board. Finally, parts of the encoder and drive
shafts had steel components that still caused excessive periodic magnetic noise. All these
flaws combined to make it difficult to move the unit smoothly and also prevented precise
measurements from being obtained. Based on suggestions from DRES, Pylon manufactured
two improved sensor units with Delrin plastic cases. The display was removed and hence
a much thinner cable was employed. A more stable wheel configuration was implemented
and steel encoder parts were replaced with nonferrous components.

These units, although much improved, revealed a new set of problems that had been
masked by the poor precision of the old unit. Examination revealed the presence of
periodic magnetic noise with a fundamental frequency corresponding to that of the drive
wheels (Fig. 3.3). The typical noise standard deviation was 28.5 nT. Further examination
revealed that the noise was indirectly caused by turning of the optical encoder's nonferrous
drive shaft. Static charge which could not leak through the Delrin case, would build up
inside the case. As the shaft rotated, the plastic base plate holding it would flex, causing

a periodic change in capacitance. The base plate was replaced with one made of 1.5875
mm thick aluminum to provide rigidity and to allow charge to dissipate. An example of
the noise inherent in moving the improved sensor unit after final modifications is shown in
Fig. 3.4. The typical standard deviation dropped to 15.2 nT. This should be compared with
the magnetic noise from a stationary sensor unit (Fig. 3.5). Ten separate two second long
magnetic field measurements were taken over a period of several minutes with a stationary
sensor unit to characterize the background noise of the magnetometer. The average DC
shift was 1.07 ± 0.95 nT and the average standard deviation was 0.53 ± 0.19 nT. Clearly

then, the bulk of the detector noise is motion noise.
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3.2 Experimental Layout

Measurements were made in the Threat Detection Group's nonmetallic laboratory which
has been described in detail in [10]. The laboratory is a 12 m diameter hemispherical
nonmetallic building with minimal metal content. Magnetic field gradients were typically
no greater than 1 or 2 nT/m in the usable portions of the building. Magnetic field fluctuations
were limited by geomagnetic noise and were typically ±1-2 nT/hour during the time of
day in which measurements were made (mid-morning, afternoon). In the time necessary to
measure a magnetic field map (-15 minutes or less), background noise fluctuations were
less than the minimum quantization error of magnetic data received by the microprocessor
(1 nT) and thus no reference magnetometer was used for background subtraction. The
experimental set-up is shown schematically in Fig 3.6.

The measurement table on which the magnetometer moves was situated in a low gradient
part of the laboratory. The table was made of wood with brass screws and was sufficiently
sturdy to ensure negligible displacement of the measurement surface when the rebar detector
was moved on it. To ensure repeatable placement, a ferrous rod was placed in a "V' notch
of a horizontal wooden rod holder, situated under the table. A wooden guide was attached
to the measurement surface at right angles to the rod direction. The horizontal measurement
surface measured 0.74 m in the direction of the rod, 1.25 m in the guide direction direction
and was 0.52 m above the floor. The table was oriented so that the long axis of the guide
was in an east-west direction.

A separate wooden table, on which the electronics ,vas placed, was situated roughly
1 m from the measurement table. This ensured that stray magnetic fields from the large
electronic components, such as the computer and logic analyser, would not interfere with
the magnetometer sensor.

One aim of the experiments was to collect complete magnetic field maps in order to
determine optimum algorithms for estimation of rod parameters. The microprocessor,
however, did not have sufficient resources to be able to store a complete map. To do so, the
microprocessor of the rebar processor unit was connected via a dip connector to the logic
analyser. The latter was programmed so that it would capture data written to the address
block in memory where magnetometer data was stored. This data, in turn was downloaded
to the laptop computer where it could be concatenated into a magnetic map and plotted.

3.3 Procedure

To collect a magnetic map the following procedure was used. Initial experiments had
shown that the magnetic noise and drift became stable about 2 to 3 minutes after power-up.
Thus, before collecting the initial map, the electronics were connected and powered up for
at least five minutes. The logic analyser was programmed as described above. The operator
removed all metal and placed it far from the measurement table. The rod was placed in
the rod holder so that it was horizontal with its symmetry axis pointing in a north-south
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direction. Each bar had previously been marked with a line every 5.0 cm along its length.
The marks were numbered so that the two ends of the rod could be distinguished from one
another. The set of position and magnetic data collected along the guide direction is called
a "magnetic scan" or a "scan line". For each scan line, the rebar sensor unit was placed
at a marked start position near the western (leftmost) side of the measurement table. The
northern face of the unit was placed flush against the guide. The rebar detector program
was started by pressing the reset button on the processor unit and pressing the mode button
to advance the program to the "Depth" mode. The logic analyser was armed. The sensor
unit was moved from west to east, keeping the northern face flush against the guide, until
the operator was signalled to stop by the logic analyser The rate at which magnetic data
was captured was programmable. Typically a magnetic value was obtained every 0.5 cm
until 250 values had been stored. Magnetic data were transferred to the lap top hard disk
for permanent storage. The operator then set the sensor unit at the start position. The rod
was moved southward in the rod holder until its next mark was in line with the table mark
and another scan was obtained. The procedure for obtaining a scan line was repeated until
a complete two dimensional distribution of the magnetic field of the rod, called a "magnetic
map", had been obtained. This typically consisted of 40 scan lines with a 5.0 cm spacing.
The position along the guide is called the transverse position and the position along the
rod axis is called the longitudinal position. The zero transverse position corresponds to
the magnetometer being directly above the symmetry axis of the rod. The data could be
displayed on the laptop computer and the procedure could be repeated for a new magnetic
map.

3.4 Initial Experiments

Prior to commencing the location and identification experiments, a number of magnetic
maps were collected to optimize operational procedures and parameters.

Optimum scanning speed for the sensor was first determined. Problems with DC shifts
and nonstochastic noise were noticed when the sensor unit was moved too quickly. If
the sensor was moved too slowly, the low frequency cutoff of the magnetometer filter
prevented variations in the magnetic field from being passed to the ADC. A speed of 30 to
40 cm/second was found to be optimum and readily achievable. All maps used for analysis
were collected at that speed which corresponds to a traverse time of 3 to 4 seconds across
the table.

An example of a magnetic field map is shown in Fig 3.7. The rod is a 1.27 cm diameter
143.0 cm long mild steel rod at a depth of 13.0 cm. The difference between two maps of the
same rod at the same depth serves to illustrate the degree of repeatability and the sources
of error in the measurements (Fig. 3.8). The two maps used to form the difference were of
a 1.27 cm diameter 143.0 cm long mild steel rod (rod hi) at a depth of 13.0 cm. The mean
difference between the two maps is 0.2 nT and the standard deviation is 23.4 nT.

There are a number of possible sources of error in the magnetic field maps. These may
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be grouped in the following manner:

1. Magnetometer Sensitive Axis Roll - A rotation of the magnetometer sensitive axis
about the north-south axis will cause a fluctuation in the measured magnetic value
which is proportional to the cosine of the angle of rotation as explained in Section 2.1.
As previously noted, the typical standard deviation of the moving sensor with no rod
piesent was approximately 15 nT. This corresponds to roll angle variation with a
standard deviation of approximately 1.20, assuming that the entire error is due to
roll. Since the sensor unit width is approximately 5.1 cm, this corresponds to vertical
deviations with a standard deviation of 0.1 cm across the width of the sensor unit.
Given the experimental method and instrument tolerances, this seems to be reasonable.

2. Magnetometer Sensitive Axis Pitch - A rotation of the magnetometer sensitive axis
about the east-west axis will cause a fluctuation in the measured magnetic value
which is proportional to the sine of the angle of rotation as explained in Section 2.1.
Since the sine function varies faster than the cosine for small angles, this would be
the dominant term if pitch and roll angles were similar. However, by moving the
sensor unit in an east-west direction against the measurement table guide, the pitch
becomes negligible.

3. Magnetometer Sensitive Axis Yaw - A rotation of the magnetometer sensitive axis
about the vertical axis will cause a fluctuation in the measured magnetic value if the
sensitive axis is not completely vertical. However, the sensor unit is constrained by
the guide along which it moves, so that this error is negligible.

4. Position Measurement System Uncertainty - This includes cumulative errors due to
the position encoder, all wheels and pulleys that connect to it and the software which
reads the encoder value. Repeated measurements on a precisely measured track have
shown that the standard deviation of the positional uncertainty is approximately 2
mm.

5. Slope Error - Positional uncertainty chiefly manifests itself as an apparent magnetic
error term when examining the difference of two magnetic maps of the same object
and geometry to determine map measurement repeatability. The standard deviation
of the magnetic error or13 is given by

/ 2

Or 2 (2 (3.1)

where a, is the standard deviation of the positional uncertainty, and a, is the transverse
position. This assumes a negligible positional error in the vertical and longitudinal
directions. For the case of Fig. 3.8, the maximum transverse magnetic gradient is
S80 nT/cm (Fig. 3.7) which gives aH3 • 16 nT. Gradients near the maximum
will occur when estimating the full width at half maximum. When measuring peak
magnetic field values, this error is negligible since the gradient is nearly zero. The
error will also be larger for shallower rods which have higher gradients.
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6. Magnetic Measurement Uncertainty - This includes the DC offset, linearity, stability
and sensitivity of the magnetometer, signal conditioning circuit and ADC. As stated
previously, measurements show that the DC offset and sensitivity of the entire magne-
tometer signal processing chain is approximately equal to the least count of the ADC
at the highest gain setting (1 nT). At lower gain settings, the error is determined by
the least count of the ADC (10 nT or 100 nT). Stability error is essentially negligible,
chiefly due to the AC coupling.

If we assume that the various error terms are statistically independent, the variance of the
total error ott is equal to the sum of the variances of the individual terms, i.e.,

-2 t 2 2 2 (3.2)
to roll + ,r'cagn + O'slope

wee2 o2 o2where , Man, 2 sop are the respective variances due to magnetometer roll, magnetic

measurement uncertainty and slope error. If slope error is negligible, i.e., if no rod is
present or measurements are made near field maxima or far from the rod, aotot "• 15 nT. For
the maximum slope portion of Fig. 3.7, aY,, - 22 nT. As seen previously, both values are
consistent with what has been measured.
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Figure 3.1

DRES rebar detector. The sensor unit or mouse containing the magne-
tometer and position sensor is on the left. At center is the processing
unit which contains the microprocessor board. Headphones are on the
right.
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Figure 3.2

DRES rebar detector electronic block diagram.
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Figure 3.3

Improved DRES rebar detector motion noise. Sensor unit is moving
in an east-west direction against a measurement guide to minimize
north-south tipping on a smooth measurement table (see Fig. 3.6). Sen-
sor velocity is between 40 and 60 cm/sec. The method and equipment
are described in Section 3.2.
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Figure 3.4

Improved DRES rebar detector motion noise after final modifications.
Sensor unit is moving in an east-west direction against a measurement
guide to minimize north-south tipping on a smooth measurement table
(see Fig. 3.6). Sensor velocity is between 40 and 60 cm/sec. The
method and equipment are described in Section 3.2.
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Figure 3.5

Stationary improved DRES rebar detector noise.
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Figure 3.6

Experimental set-up for measurement of magnetic fields of ferrous rods.
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Figure 3.7

Map of the vertical component of the magnetic field in a horizontal
plane due to a horizontal 1.27 cm diameter, 143.0 cm long mild steel
rod (rod hl). The axis of the rod is 13 cm below the measurement
surface and is oriented in a north-south direction.
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Figure 3.8

Difference between two magnetic maps of a 1.27 cm diameter 143.0 cm
iong mild steel rod at a depth of 13.0 cm.
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4. Experimental Results

4.1 General Observations

The method of Chapter 3 was used to obtain magnetic maps of a number of horizontal
mild steel rods. The rod labels and dimensions are given in Table I. The letters "h", "lq"
and "3q" in the label refer to "half", "one quarter" and "three quarters", which are the
respective diameters in inches. The number following the letter is an index to length, such
that rods of the same index have equal lengths (±2 mm). Most of the rods were roughly
1.5 m in length, which is typical of the length of some reinforcing steel and long enough
to make valid the long rod approximation. The two -- 3/4 m length rods were used to
determine effects due to the length of the rod by comparison with rods roughly twice as
long.

Label Diameter Length
(cm ±lImm)(m m)

hI 1.270 143.0
h2 1.270 140.5
h3 1.270 75.0
h4 1.270 74.5
h5 1.270 149.7
lql 0.635 143.0
lq2 0.635 140.5
lq5 0.635 149.5
3q5 1.905 149.7

Table I

Physical dimensions of rods used in experiments. Rods h3,h4,h5 are cut
from the same stock which is different from the stock for hl,h2.

In all the magnetic field maps that follow, the rod axis lies directly under the 0 transverse
position (xi = 0) and one end of the rod lies directly under the 0 longitudinal position
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(X2--O). Figs. 4.1, 4.2 and 4.3 illustrate magnetic field vertical component maps for rod h2
at 8, 13 and 18 cm depths respectively. (The narrow spikes on Fig. 4.1 are artifacts due
to an instability encountered in the magnetometer signal conditioning chain when the 100
nT/count gain setting was used.) The maximum magnetic field is seen to decrease with
increasing depth, while the width of the peaks increase. The general shape of the field
remains the same as the depth varies

Although the general field shapes differ from rod to rod, similar trends with depth occur
(Figs. 4.4, 4.5 and 4.6). The variation in shape of the magnetic maps is not due solely to
the dimensions of the rods. Figs. 3.7 and 4.2 are magnetic field vertical component maps of
rods hI and h2 at a depth of 13 cm. These rods are identical in diameter, since they come
from the same type of bar stock (but not the same rod itself) and are nearly identical in
length. The maps have roughly the same peak values, but the shapes of the maps are quite
different. This effect is seen in other rods of similar dimensions and at different depths as
well. This strongly implies that there is a significant component of remnant magnetization
present which is different for each individual rod.

Fig. 4.7 is a magnetic map of rod h I oriented south-north at a depth of 13 cm. Comparing
the magnetic map with that of the same rod at the same depth but oriented north-south (i.e.,
rotated 1800 about a vertical axis) (Fig. 3.7), it is clear that the two maps are substantially
different in general shape such as peak placement, number of peaks, shape of peaks and
peak heights. The maximum and minimum field values of Fig. 4.7 are about 50% larger in
absolute magnitude than those of Fig. 3.7. (Note that the largest positive and negative peaks
of Fig. 4.7 exhibit some saturation.) The same effect is noted in comparing the magnetic
maps for rod h2 both in the north-south and south-north orientations (Figs. 4.2 and 4.8
respectively). This confirms the presence of a remnant component of the magnetization,
since if remnant magnetization were not present, axial and fore-aft symmetry dictate that
the magnetic maps for the north-south and south-north orientations should be the same. The
remnant magnetization adds to the induced magnetization in one orientation and subtracts
from it in the oth.-r orientation. A more dramatic example of remnant magnetization is
exhibited by rod h5 (Figs. 4.9 and 4.10). In the second Figure, the rod has been rotated 1800
about a vertical axis, but the map is now viewed from the other end of the rod. That is, the
same end of the rod faces toward the reader in both plots. The magnetic field maps appear
very similar in shape and magnitude, showing that the magnetic field has rotated through the
same angle as the rod. Since the magnetic field is fixed with respect to a coordinate system
attached to the rod, so must be the magnetization. Remnant magnetization has this property,
whereas because of symmetry, induced magnetization would not change when the rod was
rotated 1800 in a horizontal plane Thus, this suggests that the remnant magnetization is
much greater than the induced magnetization. This hypothesis is further strengthened by
the much larger maximum field values observed for rod h5 as compared to rods h I and h2.

Fig. 4.11 shows the magnetic field map of rod h3 which is the same diameter as hi and
h2 but half the length. Comparing with (Figs. 3.7 and 4.2), obtained at the same depth,
it is seen that the shape of the map is not simply related to the rod length. However, the
longitudinal extent of the map (e.g. the longitudinal spacing between the furthest separated
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peaks) does increase as length increases. This clue will be exploited later to estimate rod
length. Similar trends are seen for rod h4 which is roughly the same length as h3.

4.2 Comparison With Theory

4.2.1 Infinitely Long Cylinder

Fig. 4.12 shows magnetic scans of the vertical component of the magnetic field in a
horizontal plane 8, 13 and 18 cm above a horizontal 1.27 cm diameter, infinitely long ferrous
rod oriented north-south. Each scan line is in a horizontal plane in an east-west direction.
The magnetic field was calculated using the equations of Section 2.2. Fig. 4.13 shows
magnetic scans of the vertical component of the magnetic field in a horizontal plane 13 cm
above horizontal infinitely long ferrous rods oriented north-south. The scans correspond to
rods of diameter 0.635, 1.27 and 1.905 cm.

Comparison with the previous measured magnetic maps shows at once that the model
does not agree with the experimental data. The peak measured fields are significantly larger
in magnitude, both negative and positive, than those of the model. In retrospect, the lack
of agreement is not surprising. The infinite length approximation must break down near
the ends of the rod. Since magnetic flux lines must concentrate at the ends, the measured
fields at the rod ends should be much larger than those of the model. One might think,
however, that magnetic scans near the center of the rod length would be similar to the scans
of the model. Closer scrutiny of the magnetic field maps near the center, however, reveals
that the magnetic scans vary dramatically over a small longitudinal distance and even more
dramatically from rod to rod. Some of these central scans look roughly like those of the
model, while others do not. This can be explained by the previously observed presence of
a significant amount of remnant magnetization which varies substantially from rod to rod.
The infinite cylinder assumes that there is no remnant magnetization.

4.2.2 Prolate Spheroid

To illustrate the horizontal, long prolate spheroid model of Section 2.3 with the constant
diameter approximation, the modelled map of the vertical component of the magnetic field
in a horizontal plane 13 cm above a horizontal north-south oriented rod equivalent to rod h I
is shown in Fig. 4.14. It is immediately clear that the modelled and experimental (Fig. 3.7)
magnetic fields are not at all similar. The modelled field values are four orders of magnitude
larger than the measured field values and the shape of the modelled map is much simpler
than that of the experimental map. The longitudinal spacing between the two dominant
peaks of the model is much less than the longitudinal spacing between peaks on the central
line (0 transverse position) of the experimental map. The modelled map 13 cm above a
horizontal north-south oriented rod equivalent to rod h3 is shown in Fig. 4.15. The shape of
the model field map for the h3 rod is very similar to that of model for the h 1 rod, although
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the magnetic field values of the former are roughly a factor of ten smaller than the latter.
The model and experimental (Fig. 4.11) field maps for the h3 rod resemble each other more
closely than do the maps for the hI rod, but the model field values for the h3 rod are still
about 100 times higher than the experimental values. Similar results occur for other rod
dimensions and depths.

The deviation between prolate spheroid model and experimental magnetic field maps
is not surprising. First, the magnetization of the cylinder cannot be uniform as required
by the spheroid model since the surface of the cylinder cannot be represented by a second
order surface [8]. Second, many of the field values are calculated very close to the object.
Analysis of the spheroid fields reveals that the maximum octupole field magnitude is about
60 times that of the dipole field for a rod with the dimensions of h I. Also the octupole
and dipole fields have an opposite sense; that is, the positive peak of the dipole field
roughly coincides with the negative peak of the octupole term. This suggests that the Taylor
expansion used in the spheroid model consists of an alternating series and that additional
higher order terms are needed to accurately represent the magnetic field.

A more accurate approach to modelling the induced magnetic field would be to use
a numerical three dimensional magnetostatic modelling computer code. TDG has the
computer code TOSCA (Vector Fields, Aurora, Illinois, USA), based on the scalar potential
finite element model of Simkin [ 14]. It can model both induced and remnant magnetization,
if the form of the latter is known. However, the remnant component of magnetization is
comparable to the induced magnetization and varies among the experimental rods in an
unpredictable manner. Since the form of the remnant magnetization cannot be predicted in
advance, neither an analytical nor a numerical modelling method will yield a good estimate
of the measured magnetic fields.

Finally, the passband of the magnetometer amplifier filter will add some distortion
which will contribute to the deviation between the modelled and experimental magnetic
fields. The nominal passband of the filter is 0.1 to 10Hz. The high frequency cutoff is not
a significant factor because at the data acquisition speeds used in the experiments, there is
not much signal energy above 10 Hz. The most noticable effect is a pronounced undershoot
following a large positive peak (e.g., Fig 4.8), due to the AC coupling.

Although the attempts at modelling the magnetic field of a long ferrous rod were
unsuccessful, it should be recalled that the primary purpose of these experiments was to
devise methods of estimating the rod parameters. In the next Chapter we shall see that most
parameters can be estimated even without an accurate model.
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depth (cm) = 8.00000
half/h2nO3t.dot

0

Figure 4.1

Map of the vertical component of the magnetic field in a horizontal
plane due to a horizontal 1.27 cm diameter, 140.5 cm long mild steel
rod (rod h2). The axis of the rod is 8 cm below the measurement
surface and is oriented in a north-south direction.
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Figure 4.2

Map of the vertical component of the magnetic field in a horizontal
plane due to a horizontal 1.27 cm diameter, 140.5 cm long mild steel
rod (rod h2). The axis of the rod is 13 cm below the measurement
surface and is oriented in a north-south direction.
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Figure 4.3

Map of the vertical component of the magnetic field in a horizontal
plane due to a horizontal 1.27 cm diameter, 140.5 cm long mild steel
rod (rod h2). The axis of the rod is 18 cm below the measurement
surface and is oriented in a north-south direction.
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Figure 4.4

Map of the vertical component of the magnetic field in a horizontal
plane due to a horizontal 0.635 cm diameter, 140.5 cm long mild steel
rod (rod 1q2). The axis of the rod is 8 cm below the measurement
surface and is oriented in a north-south direction.
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Figure 4.5

Map of the vertical component of the magnetic field in a horizontal
plane due to a horizontal 0.635 cm diameter, 140.5 cm long mild steel
rod (rod 1q2). The axis of the rod is 13 cm below the measurement
surface and is oriented in a north-south direction.
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Figure 4.6

Map of the vertical component of the magnetic field in a horizontal
plane due to a horizontal 0.635 cm diameter, 140.5 cm long mild steel
rod (rod 1q2). The axis of the rod is 18 cm below the measurement
surface and is oriented in a north-south direction.
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Figure 4.7

Map of the vertical component of the magnetic field in a horizontal

plane due to a horizontal 1.27 cm diameter, 143.0 cm long mild steel

rod (rod hl). The axis of the rod is 13 cm below the measurement

surface. The axis is oriented in a south-north direction; that is, rotated

180" about a vertical axis compared to the rod of Fig. 3.7.
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Figure 4.8

Map of the vertical component of the magnetic field in a horizontal
plane due to a horizontal 1.27 cm diameter, 140.5 cm long mild steel
rod (rod h2). The axis of the rod is 13 cm below the measurement
surface. The axis is oriented in a south-north direction; that is, rotated
1800 about a vertical axis compared to the rod of Fig. 4.2.
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Figure 4.9

Map of the vertical component of the magnetic field in a horizontal
plane due to a horizontal 1.27 cm diameter, 149.7 cm long mild steel
rod (rod h5). The axis of the rod is 13 cm below the measurement
surface. The axis is oriente.) in a north-south direction.
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depth (cm) = 13.0000
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Figure 4.10

Map of the vertical component of the magnetic field in a horizontal
plane due to a horizontal 1.27 cm diameter, 149.7 cm long mild steel
rod (rod h5). The axis of the rod is 13 cm below the measurement
surface. The axis is oriented in a south-north direction; that is, rotated
180° about a vertical axis compared to the rod of Fig. 4.9.
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Figure 4.11

Map of the vertical component of the magnetic field in a horizontal
plane due to a horizontal 1.27 cm diameter, 75.0 cm long mild steel rod
(rod h3). The axis of the rod is 13 cm below the measurement surface.
The axis is oriented in a north-south direction. Compare with Figs. 3.7
and 4.2.
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Figure 4.12

Variation of B3 with position in a horizontal plane along a line orthogonal
to the symmetry axis of a horizontal 1.27 cm diameter, infinitely long

ferrous rod oriented in a north-south direction. Scans are shown for

three different depths.
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depth (cm) = 13.0000
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Figure 4.13

Variation of B 3 with position in a horizontal plane along a line orthogonal

to the symmetry axis of three horizontal infinitely long ferrous rods of

different diameters oriented in a north-south direction. The depth of all

three rods is 13 cm.

DRES-SR-585 UNCLASSIFIED



44 UNCLASSIFIED

X, (i) = -0.130000
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Figure 4.14

Map of the vertical component of the magnetic field in a horizontal plane
13 cm above a prolate spheroid model of a horizontal 1.27 cm diame-
ter, 143.0 cm long ferrous rod (hl). The rod is oriented north-south.
Spheroid model parameters are shown on the figure and are defined in
Section 2.3.
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Figure 4.15

Map of the vertical component of the magnetic field in a horizontal plane
13 cm above a prolate spheroid model of a horizontal 1.27 cm diameter,
75.0 cm long ferrous rod (h3). The rod is oriented north-south. Spheroid
model parameters are shown on the figure and are defined in Section 2.3.
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5. Estimation of Rod Parameters

In this Chapter we investigate simple features of the magnetic field distribution in a
horizontal plane which could be used to estimate the parameters of a horizontal rod; i.e.,
the orientation angle in the horizontal plane, the depth, length and diameter. It must be
cautioned that the results to be presented have only been verified for horizontal rods oriented
in a north-south direction.

5.1 Estimation of Orientation Angle in the Horizontal Plane

Inspection of any experimental magnetic field map of a single rod revealed that the
largest positive and negative peaks lay near the projection of the axis of the rod in the
horizontal plane. (Interestingly, even though both the spheroid and the infinite cylinder
models did not approximate the experimental data well, the peaks of their magnetic maps
also lay along the rod axis.) This suggested a simple way to determine the orientation of a
rod in the horizontal plane. Practical implementation was slightly more complicated since
scans with small magnetic field values (relative to the absolute maxima of the map) did
not always have peaks near the rod axis and some of these scans did not even have clearly
defined peaks. Many methods of selecting scans with the larger peaks for peak position
estimation were studied. The followiig method was chosen as being the most accurate and
robust.

The scans were ordered on the basis of the largest absolute value for each scan. Each
scan was first convolved with a 15 point smoothing filter to provide a preliminary spike
rejection. (In the end, results with and without the smoothing filter turned out to be very
similar.) The position of the peak and the full width at half maximum (FWHM) were
determined for the first n scans. If two scans were tied in maximum field value, both
were used. A scan was rejected if the FWHM was greater than 50 cm or less than 2
cm. This ad hoc rejection was a simple way to implement spike rejection. The mean and
standard deviation of both the position of the peak and the FWHM were calculated from
the individual values of these quantities for the n scans. A value of n = 5 or 6 was found
to minimize the standard deviations in the mean estimates of peak position and FWHM.
These results are summarized in Table II.

The mean and standard deviation of the peak position for a given depth were obtained
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File Rod Orientation Number of Mean Peak Mean FWHM
Name Label (North Scans to Transverse Position ± Standard

or Estimate + Standard Deviation Deviation
South) Mean (n) (cm ± cm) (cm + cm)

depth = 8.0 cm
rln32t lqi N 6 3.0 ± 0.7 14.9 + 1.0
r2n32t lq2 N 6 2.3 ± 0.4 13.6 + 0.6
rSn32t lq2 N 6 2.4 ± 0.6 13.7 + 0.6
hlnl5t hl N 5 1.6 ± 0.6 12.4 2.2
rlnl2t hl N 6 -1.9 ± 1.0 15.3 1.7
h2n03t h2 N 6 0.7 ± 0.9 11.1 ±2.0

depth= 13.0 cm
rln30t lqi N 6 1.7 ± 0.3 19.7 + 0.6
r2n30t lq2 N 6 0.4 ± 1.6 19.4 + 1.4
r5n30t lq5 N 6 1.5 ± 1.2 19.4 + 1.3
hlnl4t hl N 6 1.4 ± 1.2 19.3 2.9
hIsOlt hl S 6 1.9 ± 1.0 18.6 0.9
h2nO2t h2 N 6 0.8 ± 1.2 17.6 1.1
h2nO4t h2 N 6 0.3 ± 1.0 17.7 ± 1.1
h2sO0t h2 S 6 -1.5 ± 1.8 18.9 - 1.6
h3nOlt h3 N 6 0.0 ± 1.0 18.3 - 0.6
h3nO2t h3 N 6 -1.9 ± 0.9 17.8 - 0.6
h4nOlt h4 N 6 -0.4 ± 0.5 18.5 ± 0.5
h5nOlt h5 N 6 -0.4 ± 0.5 18.7 ± 0.4
hSsOlt h5 S 6 -0.8 ± 0.4 18.4 ± 0.6
rSn2Ot 3q5 N 6 3.0 ± 0.3 19.6 ± 1.3

depth= 18.0 cm
rln31t lqI N 6 0.4 ± 0.7 23.9 ± 0.9
r2n3lt lq2 N 5 -0.7 ± 1.5 23.6 ± 0.9
rSn3lt lq5 N 6 0.7 ± 1.7 26.3 ±0.6
hlnl6t hi N 6 0.7 ± 2.7 23.5 2.5
rlnllt hl N 6 0.5 ± 1.9 24.4 2.5
h2nOlt h2 N 6 0.3 ± 0.9 24.2 ± 1.6
r2nllt h2 N 6 -1.4 1.8 23.9 1.3
r5nlIt h5 N 6 0.0 0.8 25.2 0.8
rSn2lt 3q5 N 6 0.0 1.5 24.5 1.5

Table II

Estimates of full width at half maximum (FWHM), transverse position
of magnetic field maximum and their standard deviations for all rods
and depths.
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Depth Mean Position Standard Deviation Number of Reduced
of Maximum of Position Data Points I2

(cm) (cm) (cm)
8 1.90 0.51 6 4.1
13 1.06 0.42 14 7.7
18 0.14 0.16 9 0.2
all 1.17 0.27 29 5.0

Table III

Mean positions of maxima of magnetic field scans versus rod depth.
Criteria for choosing which scans to include in the average is explained
in the text.

by performing a weighted least squares fit to a constant using the mean peak positions from
Table II for all cases corresponding to that depth. The overall mean and standard deviation
of the peak position for all depths was also calculated in a similar manner. These results
are shown in Table III.

The mean transverse positions of all the maxima and their associated uncertainties are
plotted in Fig. 5.1 together with the best fit position to all points (the fit parameters are given
in the last row of Table III).

Theoretical and experimental data on spheroids [31 show that for a given ambient field
direction, the positions of field maxima in a plane are a function of object depth even when
a significant octupole field contribution is present. This is also true for the theory of the
infinite cylinder (Equation 2.8). It is suggestive then to examine whether such a depth
dependence exists for the experimental rod data. To study the variation in position of the
maxima with depth, we used the mean estimates which were calculated for each depth
(Table III). A weighted least squares fit was then performed on these data points both to a
constant and to a straight line function of depth. The best fit to a constant was given by

Xx, = (0.39 ± 0.38) (5.1)

where xm,,, is the position (in cm relative to the point directly above the rod axis) of the
maximum field value in the transverse direction. The reduced X2 was 6.9 for 2 degrees of
freedom. Uncertainties in coefficients were derived from the theory of linear least squares
fitting [15]. The best fit to a straight line with depth was given by

X,,a, = (3.35 ± 0.07) + (-0.179 ± 0.004)z (5.2)

where z is the depth (cm). The reduced xy2 was 0.007 for I degree of freedom. The straight
line fit is shown in Fig. 5.2.
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Figure 5.1

Positions of maxima of magnetic field scans for all rod lengths and
depths. Straight line is the least squares fit to a constant. Error bars
represent one standard deviation of the position estimate.
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Position of Field Maximum versus Rod Depth
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Figure 5.2

Mean positions of maxima of magnetic field scans versus rod depth.
Criteria for choosing which scans to include in the average is explained
in the text. Error bars represent one standard deviation of the mean
estimate. Solid line is the best fit to a straight line.
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Depth Mean Full Width at Standard Deviation Number of Reduced
Half Maximum of FWHM Data Points X2

(cm) (cm) (cm) 1 1

8 13.8 0.3 6 0.9
13 18.6 0.2 14 0.7 *
18 24.9 0.4 9 1.3

Table IV

Mean full width at half maximum of magnetic field scans versus rod
depth. Criteria for choosing which scans to include in the average is
explained in the text.

It is quite clear that, to within experimental errors, there is a straight line variation of
peak position with depth and that the straight line fit is superior to the fit to a constant. The
depth variation is not strong, however. Also, it must be remembered that the span of depths
over which the fit was performed is quite limited and extrapolation to estimate the variation
outside this range is prone to large errors.

5.2 Estimation of Rod Depth

Evidence suggests that it may be possible to determine an empirical relation between
the FWWHM of a ma' netic scan and the depth for a horizontal ferrous rou. The simple
theory of the infinite horizontal rod shows that the depth of a rod is equal to the FWHM
times a proportionality constant (Equation 2.6). The theory of the spheroid yields a more
complicated function relating depth and FWHM 131, but it is still monotonic. For a number
of other objects, the width of the field in a plane also varies monotonically with depth and if
the orientation of a dipole is fixed, the width of the field in a plane is a monotonic function
of depth [2]. To try to find a relationship between FWHM and depth, the weighted average
of the FWHM and its corresponding standard deviation were determined for a given depth
using the mean FWHM and standard deviations for all rods at that depth from Table II. The
results are given in Table IV.

The FWHM clearly varies with depth. Since only three data points are available, a
quadratic is the highest order polynomial function of depth to which the data can be fitted.
Although a quadratic function does fit the data slightly better than a straight line function,
one cannot estimate the quadratic fitting error because it is an exact fit. The fit to a straight
line is shown in Fig. 5.3. The data appears to be reasonably well modelled by the straight
line as is further evidenced by the reduced X2 of 5.5 for 1 degree of freedom. The equation
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FWHM versus Depth of Rod
E• 30 ' ' ' " " ''

E
E 25
E
x
0

S20

4--

S15

Z 10 • ,-,._

6 8 10 12 14 16 18 20
Rod Depth (cm)

Figure 5.3

Mean full width at half maximum of magnetic field scans versus rod
depth. Criteria for choosing which scans to inciude in the average is
explained in the text. Error bars represent one standard deviation of the
mean estimate. Solid line is the best fit to a straight line.
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which expresses the FWHM as a function of depth is

x 112 = (1.08 ± 0.11)z + (4.80±- 1.47) (5.3)

where x1/ 2 is the full width at half maximum and z is tht; rod depth, both in cm.

5.3 Estimation of Rod Length

The last parameters needed to localize the rod are the positions of the ends of the rod.
Two methods to estimate the end point positions were investigated. The first estimated the
end point to be at the X2 or longitudinal position for which the field in the measurement
plane along the rod axis (xi = 0) had ultimately decreased to a fraction times the greater
of the absolute value of the largest field maximum or minimum. Fractions of 0.1, 0.25 and
0.5 were tried, with the first two giving the best results. Even so, the variation of estimates
of rod length for maps of the same rod and depth were between 15 and 20 cm.

The second method assumed the end point positions to coincide with the furthest
longitudinally displaced significant central peak. A significant central peak is a field
maximum or minimum which is above the rod axis (xi = 0) and whose absolute value is
greater than 25% of the absolute value of the largest maximum or minimum. The results of
the second method are shown in Tables V and VI.

The uncertainty in estimating each peak position is governed by the effective noise
near the peak and the shape of the peak. It can be estimated by repeatedly measuring
the position of a particular peak and is found to be approximately 3 to 4 cm. The rod
end position estimates may exhibit a slight depth variation which differs from rod to rod,
but the trend is only marginally above the uncertainty in estimating peak positions. The
chief factor which governs the error in rod end position estimates is the particular rod
being measured. The average estimate of the southern end position for rod h I (4.1 ± 1.5
cm) is significantly closer to the true position than is the average estimate for the other
rods (11.2 ± 3.6 cm). Qualitatively, this must be due to a difference in the distribution of
remnant magnetization in h I compared to the other rods, but theie is as yet no quantitative
explanation. Interestingly, with the exception of rod hi, the average position estimate for
the southern end is much farther from the true position than the average position estimate
for the northern end (-0.6 + 3.4 cm), even though the standard deviations are similar. It
was at first thought that this was due to the rod axis lying in the vertical plane of the earth's
magnetic field vector. This breaks any fore-aft symmetry, so one should not expect the most
southern magnetic field peak to be in the same position relative to its corresponding rod
end as the most northern peak. However, because the remnant magnetization is attached
to a body-fixed coordinate system, there should then be a significant difference in rod end
position estimates when a rod is rotated 1800 about a vertical axis (i.e., oriented north-south
versus south-north). (For example, in the extreme case of negligible induced magnetization,
the amount by which an end position is overestimated in one orientation should be the same
amount by which it is underestimated in the other orientation.) This is clearly not observed
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File Orientation Depth South End North End Rod Error in
Name (North Position Position Length Length

or Estimate Estimate Estimate Estimate
South) (cm) (cm) (cm) (cm) (cm)

Rod hI (length = 143.0 cm)
hlnl5t N 8.0 3 1 141 -2
rlnl2t N 8.0 6 1 137 -6
hlnllt N 13.0 4 2 141 -2
hlnl2t N 13.0 4 1 140 -3
hlnl3t N 13.0 4 1 140 -3
hlnl4t N 13.0 4 2 141 -2
hIsOlt S 13.0 7 4 140 -3
hlnl6t N 18.0 2 4 145 2
rinilt N 18.0 3 5 145 2

all _______ 4.1 ± 1.5 2.3 ± 1.6 141.1 -1.9 ± 2.5
Rod h2 (length = 140.5 cm)

h2nO3t N 8.0 14 1 128 -12
h2nO2t N 13.0 11 -1 128 -12
h2nO4t N 13.0 12 -1 128 -12
h2sO0t S 13.0 12 1 129 -11
h2nOIt N 18.0 11 1 130 -10
r2nl It N 18.0 14 4 130 -10

all 12.3 ± 1.4 0.8 ± 1.8 129.3 -11.2 ± 1.0
Rod h3 (length = 75.0 cm)

h3nOlt N 13.0 9 -1 65 -10
h3n02t N 13.0 8 -3 64 -11

all 1 8.5 ± 0.7 -2.0 ± 1.4 64.5 -10.5 ± 0.7
Rod h4 (length = 74.5 cm)

h4nOIt N D 13.01 10 -3 63 -12
Rod h5 (length = 149.7 cm)

h5nOlt N 13.0 9 -3 137 -13
h5sOlt S 13.0 7 -5 137 -13
r5nl It N 18.0 10 -5 135 -15

all 8.7 ± 1.5 -4.3 ± 1.2 136.0 -13.7 ± 1.2

Table V

Estimates, derived from magnetic field maps, of rod end positions (rel-
ative to true end positions), rod length and error in rod length for 1.27
cm diameter horizontal rods.
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File Orientation Depth South End North End Rod Error in
Name (North Position Position Length Length

or Estimate Estimate Estimate Estimate
South) (cm) (cm) (cm) (cm) (cm)

Rod IqI (diameter = 0.635 cm, length = 143.0 cm)

rln32t N 8.0 12 -2 129 -14
rln30t N 13.0 9 1 135 -8
rln3lt N 18.0 9 5 139 -4

all 10.0 ± 1.7 1.3 + 3.5 134.3 -8.7 - 5.0

Rod lq2 (diameter = 0.635 cm, length = 140.5 cm)
r2n32t N 8.0 9 -4 128 -12
r2n30t N 13.0 9 -5 126 -14
r2n31t N 18.0 12 -6 122 -18

all 10.0± 1.7 -5.0± 1.0 125.8 -14.7+ 3.1

Rod lq5 (diameter = 0.635 cm, length = 149.5 cm)

r5n32t N 8.0 9 -2 139 -11
r5n30t N 13.0 10 -5 135 -15
r5n31t N 18.0 11 -8 130 -20

all 110.0 ± 1.0 -5.0 ± 3.0 134.2 -15.3 ± 4.5
Rod 3q5 (diameter = 1.905 cm, length = 149.7 cm)

r5n20t N 13.0 17 -1 131 -19
r5n2lt N 18.0 24 3 128 -22

all 20.5 ± 4.9 1.0 ± 2.8 129.2 -20.5 ± 2.1

Table VI

Estimates, derived from magnetic field maps, of rod end positions (rel-
ative to true end positions), rod length and error in rod length for 0.635
cm and 1.905 cm diameter horizontal rods.
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in Tables V and VI. Hence, there is presently no satisfactory explanation for the difference
between south and north rod end estimates relative to the true positions. A likely explanation
is an as yet unidentified bias in the process of estimating the most southern peak position.

Overall, the average estimate of rod end position relative to the true position was 9.2 ±4.5
cm for the southern end and -0.6 - 3.4 cm for the northern end. The average error in
estimation of rod length was -9.8 - 6.2 cm. This can be expressed by the following
equations

x.= x,,, - (9.2 ± 4.5) (5.4)

,= xc,, + (0.6 ± 3.4)

1 = IXmn -- Xms + 9.81 ± 6.2

where xr, x,, are respectively the longitudinal positions (U2 direction) in the horizontal plane
of the most southern and northern rod ends, X.C,,,, Xmn are respectively the most southern
and northern significant central maxima. A significant central maximum is a maximum or
minimum of the magnetic field in the measurement plane along the rod axis (xl = 0) which
is greater than 25% of the absolute value of the largest field maximum or minimum in the
plane. I is the rod length and all quantities are in cm.

5.4 Estimation of Rod Diameter

The previous three sections showed how one can estimate the location parameters of
the horizontal ferrous rod; that is, the orientation in a horizontal plane, the depth and the
position in the horizontal plane of the ends of the rod. The one parameter remaining to be
known to completely characterize the rod is its diameter.

The simple theory of infinite rod (Equation 2.7) suggests that, for a given ambient field,
the rod diameter is directly proportional to the depth of the rod and directly proportional
to the field maximum along a scan direction. The diameter of a prolate spheroid cannot be
-As simply inferred from the value of the field maximum, but for a fixed orientation, depth
and length, the diameter will be monotonically related to the field maximum. Thus, it is
of interest to investigate the maxima and minima of the magnetic field in the horizontal
measurement plane to see if they exhibit a variation with rod diameter, length and depth.

Figs. 5.4 and 5.5 show the variation of the maximum and minimum values of the
magnetic field maps as a function of depth. The absolute values of the field maxima or
minima decrease with depth for each rod type.

The maxima and minima exhibit no obvious trend with rod length. For example, rods
h3 and h4 are of the same length and from the same stock, but have significantly different
maxima and minima. Furthermore, the maxima and minima of rods h3 and h4 lie between
those of h5, obtained from the same stock as h3 and h4, and h I and h2, even though hi, h2
and h5 are all roughly twice the length of h3 and h4.
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File Orientation Depth Min. Max.
Name (North (cm) (nT) (nT)

or South)

Rod hI (length = 143.0 cm)
hln15t N 8.0 -1400 2600
rlnl2t N 8.0 < -1280 - 1180
hlnllt N 13.0 -740 870
hlnl2t N 13.0 -720 860
hlnl3t N 13.0 -750 870
hlnl4t N 13.0 -700 850
hIsOlt S 13.0 -1170 1170
hln16t N 18.0 -450 370
rlnlIt N 18.0 -410 340

Rod h2 (length = 140.5 cm)
h2nO3t N 8.0 -2000 1800
h2nO2t N 13.0 -840 730
h2nO4t N 13.0 -820 760
h2sOlt S 13.0 < -1280 • 1080
h2nOlt N 18.0 -440 400
r2n I It N 18.0 -380 380

Rod h3 (length = 75.0 cm)
h3nOlt N 13.0 11 -5300 1 4500
h3nO2t N 13.0 -4900 1 4300

Rod h4 (length = 74.5 cm)
h4nOlt N 113.011 -7400 80200

Rod h5 (length = 149.7 cm)
h5nOlt 13.0 V 7200 10300

h5sOlt S 13.0 -8300 10600
r5nl It N 18.0 -3800 5300

Table VII

Maxima and minima of magnetic maps of 1.27 cm diameter horizontal
rods. Field values prefaced with a < indicate that the signal conditioning
circuit had saturated at the value indicated. Field values prefaced with a
z were near saturation. The signal conditioning circuit may be operating
in a nonlinear fashion and hence the value is approximate.
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File Orientation Depth Min. Max.
Name (North (cm) (nJ) (nT)

or South)
Rod Iql (diameter = 0.635 cm, length = 143.0 cm)
rln32t N 8.0 <-1280 ; 1160
rln30t N 13.0 -890 710
rln31t N 18.0 -420 350
Rod lq2 (diameter = 0.635 cm, length = 140.5 cm)
r2n32t N 8.0 -800 9400
r2n30t N 13.0 -1200 2600
r2n31 t N 18.0 -900 1500
Rod lq5 (diameter =0.635 cm, length = 149.5 cm)
r5n32t N 8.0 -1600 6200
r5n3Ot N 13.0 -1700 1500
r5n3lt N 18.0 -850 710
Rod 3q5 (diameter = 1.905 cm, length = 149.7 cm)
r5n20t N 13.0 -6400 3800
r5n21 t N 18.0 -3300 2300

Table VIII

Maxima and minima of magnetic maps of 0.635 cm and 1.905 cm di-
ameter horizontal rods. Field values prefaced with a < indicate that the
signal conditioning circuit had saturated at the value indicated. Field
values prefaced with a • were near saturation. The signal conditioning
circuit may be operating in a nonlinear fashion and hence the value is
approximate. Missing depths for various rods correspond to maps with
too many saturated values to allow further analysis.
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Figure 5.4

Maximum and minimum values of the magnetic field maps versus rod
depth for 1.27 cm diameter rods. Maximum values are positive and
minimum values are negative in all cases.
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Figure 5.5

Maximum and minimum values of the magnetic field maps versus rod
depth for 1.905 and 0.635 cm diameter rods. Maximum values are
positive and minimum values are negative in all cases.
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To examine the variation of field maxima and minima with rod diameter, we note that
depth can be assumed to be known, since it can be estimated independent of rod length
or diameter. Figs. 5.6 to 5.8 show the variation of maximum and minimum values of the
magnetic field maps versus rod diameter for fixed rod depth. For a wide range of field
values at a given depth, the maximum and minimum field are multivalued functions of rod

diameter. This is chiefly due to the wide variation in remnant magnetization as discussed
earlier and makes estimation of rod diameter from the magnetic field map very difficult.
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Figure 5.6

Maximum (dots) and minimum (stars) values of the magnetic field maps
versus rod diameter for all rods at a depth of 8 cm.
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Figure 5.7

Maximum (dots) and minimum ýstars) values of the magnetic field maps
versus rod diameter for all rods at a depth of 13 cm.
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Figure 5.8

Maximum (dots) and minimum (stars) values of the magnetic field maps
versus rod diameter for all rods at a depth of 18 cm.
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6. Conclusions

A patented hand-held instrument has been built that is the first instrument to explicitly
locate ferrous rods parallel to and buried behind or beneath a plane of measurement by
analysing magnetic field and position data. The instrument has a number of useful applica-
tions, in particular the detection and characterization of reinforcing steel in concrete.

The instrument consists of a fluxgate magnetometer and position sensor unit enclosed
in a small box which is moved b, hand somewhat like a computer mouse. The sensor unit
is connected by a cable to a processor unit, containing a microprocessor, A/D, displays and
batteries. An operator scans the sensor unit over an area on the measurement surface, guided
by the microprocessor, while the microprocessor controls the simultaneous collection of
magnetic and position data. The microprocessor then uses simple algorithms to estimate
the orientation, depth, length and diameter of the rod.

This report describes the final version of the instrument, originally designed to locate
reinforcing rods in concrete. Experimental magnetic map data from horizontal rods are
presented and compared to twc simple models, the infinite cylinder and the long prolate
spheroid. It was found that there was very poor agreement between both models and the
experimental data.

Experiments using the instrument to estimate the parameters of a horizontal ferrous rod
buried under a horizontal measurement plai , are also described. It was seen that, for rod
dimensions and geometry typical of reinforcing rods, all the location parameters, i.e., rod
orientation in a horizontal plane, rod end locations (and hence rod length) and depth of
rods could be estimated with reasonable accuracy at depths of 8 to 18 cm using very simple
linear equations. Estimation of these parameters, however, required collection of position
and magnetic data in two dimensions, since initially the rod orientation was unknown.
Estimation of rod diameter was not possible with any degree of reliability chiefly dux..' to the
presence of substantial remnant magnetization.

Although this instrument represents a significant improvement in ferrous rod loca-
tor/identifiers, more research is necessary to develop a practical instrument.

The single biggest problem is the inability to determine rod diameter due to the presence
of a large, variable remnant magnetization component in the rods. Future experiments
should further investigate the nature of th( remnant magnetization. It is desirable to know
if the remnant magnetization is a function of the site, orientation or method of manufacture
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of the rods. If this is so, one may be able to estimate the amount of remnant magnetization
if some a priori information is available regarding the origin of the steel in the structure. In
this regard, a suitable model is lacking. Numerical finite element magnetostatic modelling
should be investigated to see if at least qualitative agreement between experimental and
theoretical magnetic field values can be achieved.

If it is found that it is impossible to estimate remnant magnetization in advance, it may
be possible to combine an active acoustic and magnetic sensor. The former would be used
to estimate the diameter, while the latter would ensure that the detected object was definitely
ferrous.

Other issues that should be addressed relate to instrument improvement. The location
algorithms in the present instrument are very simple ones based on the infinite cylinder and
not the ones that were found to best fit the experimental results. The instrument software
must be modified to reflect this. At the same time, the obsolete MC6805 microprocessor
should be replaced with a more modern processor such as the MC68HCI 1. This will allow
more complicated processing of raw magnetic data to be performed, including perhaps
the collection of complete magnetic maps, and allow a more user friendly interface, i.e.,
far less cryptic messages and menus. It will also greatly enhance code development and
modification by allowing the use of high level programming languages. With its on-board
A/D converter and EEPROM, it may be possible to put the entire microprocessor system
in the sensor unit, thereby eliminating the separate processor unit and connecting cable.
The motion noise of the existing instrument may be too high when operating on a rough
concrete surface as opposed to a smooth table. One solution is to use a three-axis fluxgate
sensor in place of a single-axis sensor. The former can be used to measure the total field
and hence will have much smaller orientation sensitivity. The use of a two dimensional
sensor unit ("mouse"), as originally envisioned, should be pursued. This would facilitate the
collection of two dimensional position and magnetic data, which are required to estimate rod
parameters, in an environment that is less controlled than that of the reported experiments.

Further tests also need to be done. The instrument should be tested oi rods shallower
than 8 cm and in the 18 to 30 cm depth range to ensure that algorithms are valid for the entire
typical range of burial of reinforcing steel. Experiments should be conducted on horizontal
rods at orientations other than north-south and on vertical rods, to determine whether the
parameter estimation formulae are valid for different orientations. Experiments should also
be conducted on nonisolated rods, such as would be found in typical situations where one
encounters reinforcing steel.
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